We present a systematic survey for satellites of Venus using the BaadeMagellan 6.5 meter telescope and IMACS wide-field CCD imager at Las Campanas observatory in Chile. In the outer portions of the Hill sphere the search was sensitive to a limiting red magnitude of about 20.4, which corresponds to satellites with radii of a few hundred meters when assuming an albedo of 0.1. In the very inner portions of the Hill sphere scattered light from Venus limited the detection to satellites of about a kilometer or larger. Although several main belt asteroids were found, no satellites (moons) of Venus were detected.
Introduction
The Hill sphere radius, r H , is the limiting radius for orbits of planetary satellites in the presence of the Sun's gravitational field and can be expressed as
where a p , m p and M ⊙ are the semi-major axis, mass of the planet and mass of the Sun, respectively (Hill 1884; Innanen 1979; Murray and Dermott 1999) . Hamilton and Krivov (1997) showed analytically that the possible stability limit for satellites could be closer to around 0.7r H . To date no known permanent satellite of any planet has an orbit beyond 0.7r H from its primary.
Venus and Mercury are the only planets in our Solar System without any known satellites. Recent surveys of the giant planets have shown they have extensive small outer satellite systems (Gladman et al. 1998 (Gladman et al. , 2000 (Gladman et al. and 2001 Sheppard et al. 2003 Sheppard et al. , 2005 Sheppard et al. and 2006 Holman et al. 2004; Kavelaars et al. 2004 ). These small outer irregular satellites of the giant planets were likely captured from heliocentric orbit near the end of the planet formation epoch (see Haghighipour 2007 and Nicholson et al. 2008 for recent reviews on irregular satellites). Recent surveys show that the Terrestrial planets Mars and Mercury do not have any outer satellites like the giant planets (Sheppard et al. 2004; Nicholson and Gladman 2006; Warell and Karlsson 2007) .
The last published survey for satellites of Venus was performed using photographic plates in 1956 (Kuiper 1961) . The 1956 satellite search reached a limiting magnitude no better than about 16th in the R-band for areas of the Hill sphere distant from the planet. Thus the survey could have detected objects larger than about 2.5 km in radius at large distances from Venus. Closer to the planet, the 1956 survey was only able to obtain a limiting magnitude of about 14th, corresponding to objects larger than about 6 km in radius.
The possible detection and discussion of a Venus satellite dates to at least 1645 when F. Fontana mentioned the observation of a possible Venus satellite. Possible satellites of Venus were reported several more times by many different and usually experienced observers (including G. Cassini) in the late 1600's and 1700's (Blacklock 1868) . So many detections of a possible Venus satellite were made that J. Lambert computed possible orbits and tables for the putative Venus satellite in the late 18th century (Blacklock 1868; Anonymous 1884) . There has been no report of a Venus satellite since 1768 with many notable astronomers such as W. Herschel and E. Barnard attempting detection. Hobbyists today have looked at Venus many times over with telescopes that are more powerful than those from the 17th and 18th century with no satellites reported.
Satellites have been invoked to explain Venus' retrograde rotation as well as its impact crater record. A Venus satellite (either previously escaped or currently in-situ) could slow the rotation of Venus through planet-satellite tidal friction, similar to the Earth-Moon system (McCord 1968; Singer 1970; Kumar 1977; Donnison 1978; Malcuit and Winters 1995) . Bills (1992) notes that the pristine state of most of Venus' impact craters is consistent with recent tidal-induced decay of a swarm of small satellite fragments, possibly from the destruction of a large parent satellite. Alemi and Stevenson (2006) suggest it is surprising that Venus has no satellites since its very likely that Venus suffered several large impacts in the very early Solar System. These impacts would have a good chance of creating a satellite, similar to how the Earth-Moon and Pluto-Charon systems may have formed (Canup and Asphaug 2001; Canup 2005; Stern et al. 2006 ).
Several authors have noted that Mercury and Venus may not have large natural satellites as a consequence of strong solar gravitational tides, which make large satellites unstable around the inner most terrestrial planets (Counselman 1973; Ward and Reid 1973; Burns 1973; Yokoyama 1999) . If Venus' slow rotation is primordial, Rawal (1986) finds that Venus has trouble retaining all but the most distant and smallest primordial satellites. Satellites larger than a few km would slowly spiral into the planet within the age of the Solar System. Venus does have a few known quasi-satellites such as 2002 VE 68 (Mikkola et al. 2004 ). Quasi-satellites are objects that orbit the Sun in ellipses and have similar periods to the planet (Wiegert et al. 2005) . In the planet's reference frame the object resembles a retrograde elongated orbit around the planet. These types of orbits are usually destabilized over long periods of time by gravitational interactions with neighboring planets (Mikkola et al. 2006) . 2002 VE 68 is only expected to be a Venus quasi-satellite for a few thousand years (Mikkola et al. 2004) . Any primordial Venus Trojans are also unlikely to be stable for the age of the Solar System (Tabachnik and Evans 2000; Brasser and Lehto 2002; Scholl et al. 2005 ).
To date the Hill sphere of Venus has not been systematically surveyed for possible small satellites with modern sensitive wide-field CCDs. In order to constrain the presence of any small satellites of Venus a deep CCD survey of the space around Venus was performed that is several magnitudes more sensitive than any previously published surveys for satellites of Venus.
Observations
Observations were made at the beginning of the night on UT October 7, 2005 with the Baade-Magellan 6.5 meter telescope at Las Campanas, Chile. Images were acquired in the R-band with the IMACS wide-field CCD imager. IMACS has eight 2048 × 4096 pixel CCDs with a pixel scale of 0.20 arcseconds per pixel. The eight CCDs are arranged in a box pattern with four above and four below and about 12 arcsecond gaps between chips. The field-of-view for IMACS is circular with a radius of about 13.7 arcminutes giving an area of about 0.17 square degrees. This setup means the sky is vignetted at the extreme corners of the outer CCDs and thus the corners are not used in the data analysis. Dithered twilight flat fields and biases were used to reduce each image. Landolt (1992) standards were used to photometrically calibrate the data. The night was clear and photometric during all the observations. During the observations Venus was near its highest point in the Southern evening sky and thus between an airmass of 2.0 and 2.4. Delivered image quality was between 1.2 and 1.3 arcseconds Full Width at Half-Maximum (FWHM). The apparent magnitude of Venus was about -4.1 with a surface brightness of about 1.5 magnitudes per square arcsecond. Venus' angular diameter as seen on the sky was about 19 arcseconds with about 62 percent of Venus illuminated. Venus' geometric circumstances at the time of observations are shown in Table  1 .
The most difficult aspect of a Venus satellite search is the large amount of scattered light from Venus. All images had a strong gradient in the background because of this scattered light. The light gradient was removed by using the FMEDIAN task in IRAF. The FMEDIAN task replaces each pixel value with the median of the pixel values around it. For the Venus images each pixel had a box of 15 × 15 pixels used for the median. The FMEDIAN image was then subtracted from the original image. Applying FMEDIAN to the images allows them to be easily visually searched for moving objects.
Substituting the mass of Venus, m p = 4.87 × 10 24 kg, and the mass of the Sun, M ⊙ = 1.99 × 10 30 kg, into Eq. 1 yields a Venus Hill sphere radius of r H = 1.0 × 10 6 km. Using data from Table 1 , we compute that Venus' Hill radius on October 7, 2005 as seen from Earth was about 26.6 arcminutes (about 18.6 arcminutes for 0.7r H ), very similar to the full diameter of the field-of-view of one IMACS image. In total the Hill sphere of Venus covered about 0.62 square degrees in area as seen from the Earth during the observations. Figure 1 illustrates the sky area surveyed around Venus. Data were collected at two epochs (Table 2) . First, three 2 second exposures with Venus centered on the IMACS imager were obtained. These very short exposures prevented the CCDs from being completely saturated and allowed satellites close to Venus to be imaged. The second part of the survey had Venus just offset to the North, South, East and West of the IMACS field-of-view. Three 10 second images were obtained of Venus in each of the offset positions. On average there were about 4 minutes between exposures of Venus in the same orientation.
Analysis and Results
The apparent Right Ascension (RA) and Declination (DEC) motion of Venus during the observations is shown in Table 3 . Possible Venus satellites would be expected to have similar apparent motions as Venus (160 ′′ /hr in RA and -45 ′′ /hr in DEC). Trailing losses from the apparent motion of possible satellites was insignificant since the few tenths of arcsecond trailing that would occur in the 10 second images was much less than the 1.2 to 1.3 arcsecond image quality. All known main belt asteroids in the survey fields had apparent RA motion of less than 90 ′′ /hr in RA and less than -20 ′′ /hr in DEC (Table 3) . No candidate satellites of Venus (RA motion > 90 ′′ /hr) were found through visually blinking the survey fields. Five main belt asteroids were detected in the survey fields with apparent motions between about 50 and 80 arcseconds per hour in RA (see Table 3 ).
The apparent red limiting magnitude, m R , of the survey was determined by placing artificially generated objects with motions similar to that of Venus into the survey images. The artificial objects had R-magnitudes ranging between 14 and 21 magnitudes and were matched to the point spread function of the images. The 50% differential detection efficiency was found to be 20.4 magnitudes for the artificial moving objects in the 10 second images most distant from Venus (Fig. 2) . Scattered light was significant near Venus and the detection efficiency versus distance from Venus is shown in Fig. 3 . The 10 second images became saturated around 3 arcminutes from Venus where the detection efficiency was around 18.6 magnitudes. For the 2 second images with Venus centered on the array, saturation occurred around 1.3 arminutes from Venus with a detection efficiency at about 16.1 magnitudes (Fig. 3) . About 90% of the Hill sphere around Venus was covered and about 99% of the Hill sphere within the theoretically stable area for satellites of 0.7r H . The percentage of the Venus Hill sphere covered per limiting red magnitude is shown in Fig. 4 .
The corresponding radius limit, r, of an object to the apparent red magnitude, m R , can be found through
in which r is in km, R is the heliocentric distance in AU, ∆ is the geocentric distance in AU, m ⊙ is the apparent red magnitude of the sun (−27.1; Livingston (2000)), p R is the geometric red albedo, and φ(α) is the phase function in which the phase angle α = 0 deg at opposition. For an assumed linear phase function the notation φ(α) = 10 −0.4βα , where β is the "linear" phase coefficient, is used. Using data from Table 1 along with an S-type asteroid albedo of 0.1 and a linear phase coefficient of β = 0.03 mags per degree, as found for Mercury and S-type asteroids (Veverka et al. 1988; Muinonen et al. 2002) , shows that 20.4 magnitudes corresponds to satellites that are about 0.3 km (300 meters) in radius at Venus' observing geometry. Figures 2 and 3 show how the satellite radius corresponds to the survey's detection efficiency. This survey is a factor of about 50 deeper in flux than the most recently published survey for satellites of Venus (Kuiper 1961) .
Summary
No satellites of Venus down to about 0.3 km in radius were found in a survey that covered about 90% of the Hill sphere and 99% of the theoretically stable region for satellites of Venus. The survey improves the non detection of satellites around Venus by about a factor of 50 over previously published work. This result shows that either Venus never acquired any satellites larger than about 1 km or confirms that natural satellites larger than about 1 km around Venus were unstable over the age of the Solar System. Quantities are the heliocentric distance (R), geocentric distance (∆) and phase angle (α). Only asteroids in our survey fields and brighter than the maximum red magnitude survey limit, 20.8 magnitudes (see Fig. 2 ), on UT October 7, 2005 are presented. Because the survey's limiting magnitude becomes brighter closer to Venus the last column details if each object was expected (exp) to be detected and if it was actually (act) detected in our survey. The asteroid information was obtained through the Minor Planet Center's MPChecker program. 
